HCHL (hydroxycinnamoyl-CoA hydratase-lyase) catalyses the biotransformation of feruloyl-CoA to acetyl-CoA and the important flavour-fragrance compound vanillin (4-hydroxy-3-methoxybenzaldehyde) and is exploited in whole-cell systems for the bioconversion of ferulic acid into natural equivalent vanillin. The reaction catalysed by HCHL has been thought to proceed by a two-step process involving first the hydration of the double bond of feruloyl-CoA and then the cleavage of the resultant β-hydroxy thioester by retro-aldol reaction to yield the products. Kinetic analysis of active-site residues identified using the crystal structure of HCHL revealed that while Glu-143 was essential for activity, Ser-123 played no major role in catalysis. However, mutation of Tyr-239 to Phe greatly increased the K M for the substrate ferulic acid, fulfilling its anticipated role as a factor in substrate binding. Structures of WT (wild-type) HCHL and of the S123A mutant, each of which had been co-crystallized with feruloyl-CoA, reveal a subtle helix movement upon ligand binding, the consequence of which is to bring the phenolic hydroxyl of Tyr-239 into close proximity to Tyr-75 from a neighbouring subunit in order to bind the phenolic hydroxyl of the product vanillin, for which electron density was observed. The active-site residues of ligand-bound HCHL display a remarkable three-dimensional overlap with those of a structurally unrelated enzyme, vanillyl alcohol oxidase, that also recognizes p-hydroxylated aromatic substrates related to vanillin. The data both explain the observed substrate specificity of HCHL for phydroxylated cinnamate derivatives and illustrate a remarkable convergence of the molecular determinants of ligand recognition between the two otherwise unrelated enzymes.
INTRODUCTION
The industrial biosynthesis of the flavour and fragrance components vanillin (4-hydroxy-3-methoxybenzaldehyde) from natural feedstocks is of contemporary interest as it can provide access to the natural labelled product [1] . The transformation of ferulic acid (4-hydroxy-3-methoxy-cinnamic acid) to vanillin by bacteria and fungi has proved attractive, as ferulic acid constitutes a high proportion of the material produced as waste from the large-scale processing of corn hulls [2] . Several studies have been conducted into the enzymes responsible for the microbial conversion of ferulic acid into vanillin [3] [4] [5] [6] [7] , and the genes encoding their activities. In 1998, Narbad and Gasson [6] described the isolation of a strain of Pseudomonas fluorescens, designated AN103, which was able to grow on ferulic acid as the sole carbon source [6] . The biotransformation of ferulic acid to vanillin by this strain is summarized in Figure 1 . Ferulic acid 1 was first ligated to CoA by the action of an ATP-dependent HCLS (hydroxycinnamic acidCoA ligase). The CoA ester of ferulic acid (feruloyl-CoA; 2) was then converted into vanillin 4 by, first, hydration of the double bond at the benzylic position to give HMPHP-CoA (4-hydroxy-3-methoxyphenyl-β-hydroxypropionyl-SCoA; 3) and thence cleavage of the-β-hydroxy thioester 3 by retro-aldol reaction. It was demonstrated [7] that the chemically synthesized hydrated intermediate 3 was stable under the buffered reaction conditions in the absence of enzyme. Walton and co-workers also demonstrated that both hydration and retro-aldol half-reactions could be attributed to the activity of one enzyme, named HCHL (hydroxycinnamoyl-CoA hydratase-lyase) [7] . It was also shown that the substrate specificity of HCHL encompassed the CoA thioesters of caffeic acid (3,4-dihydroxycinnamic acid) and coumaric acid (4-hydroxycinnamic acid) but not those of syringic acid (3-hydroxy-2,4-methoxycinnamic acid) or cinnamic acid itself, indicating that a hydroxy group relatively free of adjacent steric bulk was necessary for substrate recognition [8] .
The gene encoding HCHL was cloned and expressed in Escherichia coli by Walton and co-workers [7] . Sequencing of the gene revealed HCHL to be a member of the crotonase superfamily of enzymes [9] . The parent enzyme of the crotonase, or low-similarity isomerase-hydratase group, is ECH (enoyl-CoA hydratase) or crotonase, the enzyme that catalyses the stereospecific hydration of enoyl-CoA in the course of fatty acid metabolism [10] . Other members of this family, the substrates of which are usually acyl-CoA thioesters, catalyse different chemical reactions, including C-C (carbon-carbon) bond cleavage [11] , dehalogenation [12] and decarboxylation [13] , but are in each case related both by tertiary fold and the stabilization of a common enolate formed at the CoA-thioester that is bound within a conserved oxyanion hole formed by the peptidic N-Hs of two residues, separated usually by approx. 50 amino acids in the amino acid sequence. This conservation of mechanistic attribute has been demonstrated using a number of structural studies on, for example, crotonase itself [14] , carboxymethylproline synthase CarB [15] and, most recently, the cofactor-independent dioxygenase DpgC [16] .
In the interests of illuminating the molecular determinants of both substrate specificity and mechanism in HCHL, we determined the structure of the native apoenzyme from the gene expressed in E. coli to a resolution of 1.8 Å (1 Å = 0.1 nm) [17] . HCHL was a hexamer, in common with other members of the crotonase superfamily, and the structure superimposed well with the structure of ECH, with a rmsd (root mean square deviation) of 1.64 Å for 215 matched residues. Using a structure of ECH complexed with (4-N,N,-dimethyl)cinnamoyl-CoA [18] as a guide, feruloyl-CoA was modelled into the active site of HCHL using the conserved oxyanion hole formed, in the case of HCHL, from the backbone amide nitrogens of Met-70 and Gly-120, to orientate the carbonyl of the acyl-CoA thioester and thus position the ligand.
A comparison of the amino acid sequence of ECH and HCHL revealed that, of the two glutamate residues that had been shown to bind the catalytic water molecule for hydration in ECH, only one, Glu-164, was conserved in HCHL; the other, Glu-144, was replaced by a serine residue (Ser-123) (Figure 2 ). It was known that, whereas both enzymes catalyse the hydration of C-C double bonds, only HCHL had been reported to be capable of cleaving the resultant β-hydroxythioester to yield acetyl-CoA and an aldehyde as products. The HCHL model suggested that a catalytic water molecule, bound by Glu-143 and the backbone amide N-H of Gly-151, was suitably positioned to attack the double bond of feruloylCoA for the hydration reaction. Ser-123 was estimated to be at a distance of 6-7 Å from the site of C-C bond cleavage however. It was also interesting to note that, in the model, the phenolic hydroxyl of feruloyl-CoA would form a hydrogen bond with the phenol of Tyr-239 of the neighbouring subunit, suggesting a possible determinant of substrate specificity.
It was therefore our intention to investigate, both by using structural studies of enzyme-substrate complexes and the kinetic analysis of relevant mutants, the roles of Glu-143 and Ser-123 in hydration and C-C bond cleavage and Tyr-239 in substrate recognition in HCHL. In the present study, we describe kinetic studies on the recombinant enzyme and the S123A, E143A, S123A/E143A and Y239F mutants, in addition to the structures of the WT (wild-type) and S123A mutant of HCHL in complex with acetyl-CoA and vanillin. These studies have confirmed Glu-143 as essential for catalysis and Tyr-239 as an important residue in determining substrate specificity, in addition to revealing domain movements on substrate binding that implicate additional residues in catalysis by HCHL.
EXPERIMENTAL

Chemicals
All chemicals were obtained from Sigma (Poole, Dorset, U.K.) unless otherwise specified. Feruloyl-CoA was synthesized using the method of Gasson et al. [7] . Detailed analysis of feruloyl-CoA using both 1 H and 32 P NMR was performed in order to confirm the identity of the substrate prior to enzyme assay. These are presented in Table 1 and Figure 3 respectively.
Plasmids, bacterial strains and culture conditions
In previous studies [17] , the gene encoding HCHL was expressed using plasmid pIF1009 obtained from the Institute of Food Research (Norwich, U.K.). As expression levels were somewhat • C for 90 s) followed by a final extension at 72
• C for 180 s. The PCR product was cleaned by running on a 0.8 % agarose gel, excised and cleaned using a GenElute kit from Sigma. The gene was cloned using a ligation-independent cloning protocol [19] that led to plasmid LB001, which constituted the pETYSBLIC-3C plasmid with the HCHL gene insert plus an N-terminal histidine tag of six residues. Sequencing confirmed the integrity of the HCHL gene within the new construct. Point mutants of HCHL were constructed using plasmid LB001 as a template, and the PCR primers detailed in Table 2 in conjunction with a QuikChange ® kit from Qiagen. These experiments gave rise to plasmids LB002 (S123A mutant), LB003 (E143A mutant) and LB004 (Y239F mutant). In order to prepare the double mutant S123A/E143A, LB002 was used as the template, with the primers for the E143A mutant above. This resulted in plasmid LB005 (S123A/E143A mutant).
Procedures for transformation, cell growth and enzyme purification were identical for WT HCHL and the relevant mutants. Plasmids were routinely transformed into competent E. coli BL21 (DE3) (purchased from Novagen) using the procedure provided with the cells. Transformants were plated out on to LB (LuriaBertani) agar containing 30 μg/μl kanamycin. For preparative cell growth, a single colony from a transformation plate was picked and inoculated into 5 ml of LB medium with 30 μg/μl kanamycin and grown overnight with shaking at 37
• C. This starter was used to inoculate 500 ml of LB broth containing 30 μg/μl kanamycin. The culture was grown at 37
• C with shaking until an attenuance (D 600 ) of 0.5 was attained. Expression of the gene encoding HCHL was then induced by the addition of 1 mM IPTG (isopropyl β-D-thiogalactoside). The 500 ml cultures were then incubated with shaking at 20
• C overnight.
Isolation of pure WT HCHL and mutants
Cells from 4 × 500 ml cultures were centrifuged at 4200 g for 20 min and the cell pellets were resuspended in 100 ml of 50 mM Tris/HCl buffer (pH 7.1) containing 300 mM sodium chloride and 20 μM PMSF, hereinafter referred to as 'buffer'. The cell suspension was sonicated and the cell debris was removed by centrifugation at 17 000 g for 20 min. The soluble fraction was clarified by filtration through a membrane with a pore size of 0.2 μM and the filtrate was loaded on to a 5 ml nickel-agarose-affinity column that had been charged with 0.1 M nickel sulfate and then equilibrated with the buffer. After loading the protein solution, the column was washed with 5 column volumes of the buffer containing 30 mM imidazole. The column was then eluted with a gradient of 30-500 mM imidazole in the buffer. Fractions containing HCHL were identified by SDS/PAGE and pooled for further purification. The pooled fractions were then concentrated using Centricons with a molecular mass cut-off of 10 kDa to a volume of approx. 10 ml and subjected to further purification using a Hiload 16/60 Sephadex S200 size-exclusion column of volume 120 ml, using the buffer as the eluent. Fractions containing HCHL were identified by SDS/PAGE and the protein was concentrated using Centricons with a molecular mass cut-off of 10 kDa to a final concentration of approx. 10 mg/ml. In order to produce protein for crystallization, the histidine tags were removed. The pET-YSBLIC3C vector encodes a cleavage site rendering the N-terminal histidine tag cleavable by 3C protease. To a solution of HCHL at a concentration of 1 mg/ml in the buffer was added 3C protease (Novagen) in a ratio of HCHL and 3C protease of 200:1. The mixture was incubated at 4
• C for 72 h with gentle agitation on a blood mixer. The His-tag cleaved protein was isolated by running on a 5 ml nickel-affinity column as described above and recovering the flow-through fractions that contained the protein of interest.
Assay of WT HCHL and mutants
WT HCHL and mutants were assayed for their ability to metabolize feruloyl-CoA using the method of Mitra et al. [8] . Briefly, to a 1 ml quartz cuvette was added 930 μl (or 880 μl in the case of Y239F) of 0.1 M Tris/HCl buffer (pH 8.5) and 50 μl of a solution of feruloyl-CoA of a suitable stock concentration. To [8] .
Crystallization
Crystals of WT HCHL and mutants S123A, E143A and S123A/ E143A were all obtained using conditions previously found to be successful with HCHL produced using the older plasmid construct pIF1009 [17] . Briefly, crystals were obtained with the hanging-drop vapour diffusion method using a protein concentration of 10 mg/ml in 11 % (w/v) PEG [poly(ethylene glycol)] (20 000 Da) with 8 % PEG (550 Da) monomethyl ether, 0.8 M sodium formate and 0.2 % (v/v) butane 1,4-diol in 0.05 M Mes buffer (pH 5.6). Crystals were routinely flash-cooled in the crystallization solution. In order to obtain complexes of the mutants with feruloyl-CoA, the proteins were incubated (at 18
• C) with 10 mM of the substrate for 30 min prior to setting up crystal trays.
Data collection and data processing
Data were collected on a number of crystals that had been complexed with feruloyl-CoA, including the WT HCHL, the S123A mutant, the E143A mutant and the S123A/E143A double mutant. The data collected on both the E143A and S123A/E143A mutants led to electron density maps with ambiguous density in the active site, possibly as a result of their having what was believed to be the significant catalytic residue, Glu-143, removed. The WT and S123A mutants, in contrast, gave rise to good-quality electron density maps, and form the basis of the results and discussion below. For the WT, data were collected to 2.5 Å inhouse on a Rigaku Micromax-007HF fitted with Osmic multilayer optics and using a MARRESEARCH MAR345 imaging plate detector. For the S123A mutant, data were collected to 1.95 Å on beamline ID-144 at the ESRF (European Synchrotron Radiation Facility; Grenoble, France). Data were processed and scaled using the interactive HKL2000 suite of programs [20] . Data collection, processing and refinement statistics for these datasets are presented in Table 3 .
Structure solution and refinement
The structures of HCHL and the S123A mutant crystallized with feruloyl-CoA were solved by molecular replacement using the program MOLREP [21] in the interactive suite of programs provided by CCP4 [22] with a monomer of the WT HCHL (PDB accession code 2j5i) as the starting model. In the cases of both the WT HCHL and the S123A mutant, the solutions contained six monomers in the asymmetric unit in the form of a hexamer. Following molecular replacement, initial refinement was performed using the CCP4 program REFMAC5 [23] . Rigid body refinement was performed for 10 cycles. During the refinement process, 5 % of the data were randomly selected and excluded from refinement for R free cross-validation. The model was then subjected to positional refinement and initial maximum likelihood weighted 2F o -F c and F o -F c maps were calculated. The model was adjusted to fit the electron density maps using the molecular graphics program Coot [24] . Water structure was built into the model using the CCP4 program ARP_WATERS in ARP/wARP version 5.0 [25] , followed by more rounds of positional refinement. In both WT and S123A structures, electron density was present that corresponded to acetyl-CoA. Additional density was also observed near the acetyl terminus of acetyl-CoA, most strongly between subunits D and E of both WT and the S123A mutant. Only after the building and refinement of water molecules was acetylCoA added and refined in subunits B, D, E and F of the WT HCHL complex and subunits A, B, D, E and F of the S123A mutant.
Residual density between subunits Tyr-75 in subunit D and Tyr-239 in subunit E of both WT and the S123A mutant was modelled as vanillin, and refined with all atoms set at an occupancy of 1.0, except CAE in the aromatic ring, and the oxygen and methyl of the methoxy group, which were set at an occupancy of 0.5 in both structures. Library files for acetyl-CoA and vanillin for use in REFMAC5 were created using the PRODRG server [26] . After refinement, the structures were validated using PROCHECK [27] . The refinement statistics of the final models are given in Table 3 .
In the Ramachandran plot for the WT complex, 91.9 % residues were in the most favoured regions, 7.6 % in additional allowed regions and 0.5 % in generously allowed regions. In the S123A complex, these values were 93.3, 6.4 and 0.3 % respectively. The atomic co-ordinates for the WT HCHL and the S123A mutant, both in complex with acetyl-CoA and vanillin, have been deposited with the PDB with the accession numbers 2vss and 2vsu respectively.
RESULTS AND DISCUSSION
Cloning and expression of genes encoding HCHL and site-directed mutants and determination of kinetic constants
For the present study, the gene encoding HCHL was re-amplified by PCR from the genomic DNA of Ps. fluorescens AN103 and cloned into a new vector construct that allowed isolation of the WT enzyme and mutant variants using nickel-affinity chromatography. Levels of expression of the HCHL gene were much improved using the new constructs. Recombinant HCHL, mutants S123A and E143A, a double mutant, S123A/E143A, and Y239F were constructed, and proteins were purified from the relevant expression strains. The WT HCHL and four mutants were assessed by a UV spectrophotometric kinetic assay based on that used by Mitra et al. [8] , which monitored the disappearance of feruloyl-CoA at 400 nm. Prior to the synthesis and use of feruloylCoA as a substrate, the possibility of using an N-acetyl cysteamide derivative was investigated, as such compounds have been shown to be effective and cheaper substrate surrogates for enzymes that use CoA-ligated substrates [28] . While the synthesis of the Nacetylcysteamide of ferulic acid was successful, this substrate analogue proved not to be converted into vanillin by HCHL (results not shown), a result that seems to be explicable by the structural observations contained herein. The results of the kinetic assays are shown in Table 4 . Kinetic constants for the recombinant HCHL with ferulic acid as substrate are of the same order as those obtained by Mitra et al. [8] with the enzyme from Ps. fluorescens if higher in each case. The k cat value obtained was 3.72 s −1 compared with 1.15 s −1 , and the K M was 11.8 μmol compared with 2.4 μmol. Mutation of Glu-143 to alanine, either in the single point mutant E143A or the double mutant S123A/E143A resulted in variants for which no activity could be detected at a range of concentrations used in the assays. These results would appear at first glance to confirm that Glu-143 is essential to the mechanism of HCHL activity. Mutation of Ser-123 to alanine resulted in a mutant displaying a reduced k cat compared with the WT, but not markedly so, and a K M comparable with that of the WT, suggesting that there is little contribution of this residue to mechanism or substrate binding. The mutation of Tyr-239 to phenylalanine resulted in a mutant of increased K M but, in line with its anticipated role in substrate binding, with a K M approx. 10-fold higher than that of the WT. The mutant retained a significant amount of catalytic activity but with a k cat approx. 10 times less than that of the WT, indicating that the phenolic hydroxyl of Tyr-239 is not absolutely essential for activity. The significance of the data arising from the kinetic analysis of the mutants is discussed below, in the context of the structural data.
Structural studies of WT HCHL and S123A mutant crystallized with feruloyl-CoA
In an attempt to acquire a holo-HCHL structure, four of the variants (WT, S123A, E143A and S123A/E143A) were crystallized in the presence of the substrate, feruloyl-CoA. Goodquality datasets were collected on all crystal complexes, but electron density within the active sites of the glutamate-to-alanine mutants was ambiguous. The WT and S123A structures were very similar with respect to ligand binding characteristics, but the S123A was the superior dataset, being solved to a resolution of 1.90 Å. Hence, while the data for both WT and S123A complexes are presented and have been deposited (Table 3) , the observations described below are derived from the S123A structure.
The structure of the S123A mutant complex features only six monomers in the asymmetric unit in contrast with 12 in the asymmetric unit of apo-HCHL [17] . It is notable that of the six monomers in the hexamer, formed of two trimers, the quality of the electron density is not uniform throughout the structure. The poorest density occurs in the helical region of Glu-74 to Ala-81 and corresponds to a flexible helix that is structurally homologous with those in other members of the crotonase superfamily that have themselves been difficult to build. Indeed, in subunit A, residues 75-80 could not be modelled, and in subunits B and C the side-chain density is poor in some cases. However, the density within the trimer that consists of subunits D, E and F is much better overall, and that between neighbouring monomers D and F is excellent with respect to density of side chains within an active site that will help describe the loop motions that occur on substrate binding, as it was thought that the substrate-binding site for feruloyl-CoA was formed at the monomer-monomer interface in the model built previously [17] . Indeed, ligand density corresponding to some or all of the relevant ligands was observed within five of the six putative active sites of the S123A mutant. Specifically, clear density for CoA was observed that corresponded to the ADP moiety and the pantothenate up to CBX1 at the interface between monomers A and B and D and E. Clear density was also observed for the acetyl portion of acetylCoA with the C=O bound, as expected, within an oxyanion hole formed by the peptidic N-Hs of residues Met-70 and Gly-120 at these sites. Between subunits B and C, E and F, and F and D, density corresponding to the complete acetylCoA molecule was observed. Between subunits C and A there was no electron density for CoA.
Acetyl-CoA is bound within the active site of HCHL in a characteristic bent conformation in which the adenine ring binds to the accessible surface of the protein and then wraps round to protrude the pantothenyl chain into the interior of the protein at the dimer interface. Acetyl-CoA makes a series of non-covalent contacts with the HCHL structure. The amino group of the adenine ring is hydrogen-bonded to the carbonyl group of Met-70. In this respect, the binding of CoA to HCHL is conserved from ECH [18] -the interaction is with the C=O group of the residue whose adjacent peptidic N-H group forms part of the oxyanion hole for enolate binding; the phosphate on the 2 -OH of ribose is bonded to Arg-29 (A); the diphosphate of ADP is bound by Arg-30 (A); the C=O group of the pantothenyl peptide bond closest to sulfur is hydrogen-bonded to the side-chain hydroxyl of Ser-142; the adjacent N-H is bound by the backbone carbonyl of Ala-88. While density corresponding to the acyl portion of acetyl-CoA was well defined in five out of six active sites, the sulfur atom that is part of the thioester bond, and that completes the continuous density between pantothenate CBX1 and the acetyl group, was only well defined in three subunits. Processing a truncated dataset (200 images instead of the full dataset of 300), at the expense of completeness of the data, suggested that the sulfur was subject to radiation damage.
The poor quality of electron density in the 74-81 helical region of each monomer may in part be attributed to the flexibility of this helix, as has been observed with crotonase homologues CarB [15] , menB [29] and ECH itself [14] . An overlap of monomers A and B from apo-HCHL and subunits D and E of the S123A mutant reveals the extent of the helix movement on substrate binding. This is illustrated in Figure 4 . In ligand-bound HCHL, the helix closes The backbone of the native structure is shown in dark grey and the holo-enzyme (S123A) is shown in light grey. A hydrogen bond (dashed) between Gln-87 and Tyr-75 is broken when the substrate binds and Tyr-75 moves upwards into the active site (shown by the arrow). In this new position, Tyr-75 comes into close contact with Tyr-239 from the neighbouring monomer. Also shown is acetyl-CoA with the adenine -NH 2 hydrogen-bonded to the backbone carbonyl of Met-70, and its movement on substrate binding.
the gap between the two subunits contributing to the active site, and results in marked changes to the positions and orientations of residues therein, notably Met-70, Leu-72, Phe-76 and Tyr-75. Trp-146 and Ile-148 also move on the opposite face of the cavity. Arg-30, which, on the apo-form of the enzyme occludes the entrance to the active site, moves to accommodate the CoA molecule. The most significant consequence of the movement of this helix is the movement of the side chain of Tyr-75 (Figure 3) . In apo-HCHL, Tyr-75 is hydrogen-bonded through its phenolic hydroxyl to the terminal amide of Gln-87, but on substrate binding, this H-bond is broken and the plane of the tyrosine side chain moves a distance of approx. 4 Å into the active-site cavity, where it now moves to a distance of 3.6 Å from the phenolic hydroxyl of Tyr-239 on the neighbouring monomer.
On examination of the difference maps in the cavity in the active site between the 'pincer' formed by the phenolic hydroxyls of Tyr-75 (D) and Tyr-239 (E) and the terminus of acetylCoA, substantial peaks of extra electron density were observed. Continuous electron density was observed between the density within hydrogen-bonding distance of Glu-143 and the density within hydrogen-binding distance of the two tyrosine hydroxyls. The density from the omit map at a level of 3σ is shown in Figure 5 . Vanillin was modelled into this density, with occupancies for all atoms set at 1.0, save the O-methyl substitution and one ring carbon, which were set at 0.5. This ligand was refined with no appreciable increase in negative density in the resultant difference map. The phenolic hydroxyl of the vanillin molecule was held between the hydroxyls of the tyrosine pincer at a distance of 2.6 Å from Tyr-75 (D) and 2.6 Å from Tyr-239 (E) ( Figure 5 ). The aldehyde of vanillin was within hydrogen-bonding distance of Glu-143 and superimposed with a water molecule that was hydrogen-bonded to Glu-143 in the apo-HCHL structure. The carbon atom of the aldehyde was 2.7 Å from the terminal carbon of acetyl-CoA.
The results from the kinetics study and the structures of the WT HCHL and the S123A mutant complexes appear to uphold some of the hypotheses formulated using the model previously described, as well as revealing unexpected new observations that may help guide further experiments designed to illuminate the mechanism of the enzyme. The reaction catalysed by ECH provides a basis for describing the initial part of the mechanism of hydration of feruloyl-CoA catalysed by HCHL. In ECH, it was proposed that a water molecule, stabilized by interactions with Glu-144 and Glu-164, is that which is activated for hydration of the double bond Subunit D is shown in light grey and subunit E in dark grey. Residual electron density was observed in the difference maps after building and refining protein, water and acetyl-CoA structures. Vanillin has been built into this density, which corresponds to the 2F o -F c electron density map contoured at 3σ level before refinement of the ligand. For purposes of refinement, all occupancies were set to a level of 1.0, except the CAE of the aromatic ring and the methoxy group, which were set at 0.5. The phenolic hydroxyl of vanillin can be seen occupying space at hydrogen-bonding distance to both Tyr-75 (D) and Tyr-239 (E). The aldehyde of vanillin is within hydrogen-bonding distance of the side chain of Glu-143. These hydrogen-bonding interactions are indicated by black dashed lines.
by means of a concerted E1cB mechanism [18] . In native HCHL, such a water molecule is bound by the side chain of Glu-143 (the homologue of Glu-164 ECH ) and the backbone N-H of Gly-151. In a postulated mechanism for HCHL activity based on the ECH mechanism, the oxygen atom from the water that attacks the benzylic position would become the oxygen of the aldehyde of the vanillin molecule following C-C bond cleavage. In fact, when apo-HCHL and the holo-S123A structures are superimposed, the water adjacent to Glu-143 in the apoenzyme and the oxygen of the aldehyde group are superimposed, providing excellent evidence for the role of Glu-143 as the catalytic base primarily responsible for water activation in HCHL, in conjunction with the kinetic analysis of E143A and S123A/E143A, which exhibit no measurable activity against feruloyl-CoA.
Although sequence alignments of ECH and HCHL suggested that Ser-123 may have been a residue of possible catalytic significance within HCHL, both structural and kinetics analysis of WT HCHL in comparison with the S123A mutant suggest that this residue has a peripheral role. In the WT HCHL complex structure, the side-chain hydroxyl of Ser-123 is located 6.4 and 8.7 Å from the terminal carbon atoms of vanillin and acetyl-CoA respectively, making it very unlikely that this residue is involved in C-C bond cleavage. In fact, in both apo-WT HCHL and the holo-HCHL, Ser-123 appears to have a role in maintaining the activesite topology, forming a pocket for the binding of a water molecule in conjunction with the side chain of Gln-98 and the backbone carbonyl of Gly-120, although this water molecule is still present in the S123A mutant and is approx. 3.9 Å from the CAG atom in the aromatic ring of vanillin in both WT and S123A structures. The peripheral role of S123A suggested by the structure is also shown by the kinetics: the K M for feruloylCoA is comparable with that of the WT and the k cat is decreased only 4-fold. The interest in Ser-123 stemmed from both its presence as the direct sequence homologue of Glu-144 (ECH), coupled with recent observations of serine as a catalytic residue for the cleavage of C-C bonds in MCP (meta-cleavage product) hydrolases, in which it has been suggested to act either as a nucleophile [30] or as a general base for the formation of a gemdiol intermediate [31] . However, it is clear from the structural studies that the serine is in no way part of a catalytic triad and is too distant from the site of reaction to be catalytically relevant to C-C bond cleavage in either of these modes. The history of study of the crotonase superfamily has suggested that it is difficult to impute catalytic significance to residues on the basis of sequence homology alone, particularly when two different crotonase homologues may catalyse very different chemical reactions [9] . Of C-C bond-cleaving reactions in the crotonase superfamily, none among MMDC (methylmalonyl decarboxylase) [13] , 2-ketocyclohexanecarboxyl-CoA hydrolase [11] and 6-oxo camphor hydrolase [31a] is as yet known to employ a serine residue in C-C bond cleavage. MMDC employs a tyrosine residue in the decarboxylation of its substrate, but this shares neither sequence nor structural context with the tyrosine residues in the active site of HCHL. It is believed rather that the clues to the mechanism of C-C bond cleavage come more from the three-dimensional conservation of ligand recognition between HCHL and other phenol-processing enzymes, rather than from the one residue alone that might be illustrated by conservation with other crotonases, as described below.
The movement of the flexible helix on substrate binding results in the coming together of the phenolic hydroxyls of Tyr-75 and Tyr-239 of the neighbouring monomer. The electron density observed between these phenolic hydroxyls is consistent with being the aromatic product of C-C bond cleavage, vanillin. This observation immediately sheds light on the experimentally observed substrate specificity of HCHL [8] . Compounds such as caffeoyl-CoA and p-coumaryl-CoA, which bear a p-hydroxy group on the aromatic ring, are substrates, whereas cinnamoylCoA (no p-hydroxy group) and syringoyl-CoA (p-hydroxy group sterically crowded by adjacent methoxy groups) are not. The relevance of one of these tyrosine residues to substrate recognition is shown by the 10-fold increase in K M observed when this residue is mutated to phenylalanine. The role of the tyrosine pincer as a molecular determinant of substrate recognition also gives a deeper insight into the evolution of substrate recognition of p-hydroxy-coumaric acids in other enzymes. The flavoenzyme VAO (vanillyl alcohol oxidase) from Penicillium simplicissium catalyses the flavin-dependent oxidation of p-substituted phenols such as 4-(methoxymethyl)phenol [32] . In the first catalytic step, hydride is transferred from the substrate to an active-site flavin, to yield a substrate p-quinone methide intermediate ( Figure 6 ). The flavin is regenerated by reaction with molecular oxygen, and then a water molecule, activated by Asp-170, attacks the benzylic position of the quinone methide to yield p-hydroxybenzaldehyde and methanol [33] . The structure of VAO [32, 34] in complex with the ligand 2-methoxy-4-vinylphenol (PDB entry 1w1k) revealed Superimposition was generated in the program ccp4mg [34a] by overlaying the hydroxyls of the tyrosine residues and the phenolic hydroxyls of vanillin (carbon atoms in light grey) and 2-methoxy-4-vinylphenol, the VAO ligand (carbon atoms in dark grey).
a tyrosine pincer involved in the recognition of the p-hydroxy group of that ligand, similar to that observed with HCHL. A superimposition of the relevant active-site residues within the active sites of VAO and HCHL ( Figure 7 ) reveals a startling coincidence of a constellation of active-site residues, including the tyrosine phenolic hydroxyls as part of the pincer, but also the arginine residue (Arg-91 in HCHL) that is thought to be important in stabilizing negative charge on the p-quinone methide and Glu-143, which activates a water molecule for attack at the benzylic carbon on HCHL, and its structural homologue, Asp-170 in VAO. The coincidence of the tyrosine pincer in HCHL and VAO may be significant, as the role of these residues and the structurally conserved arginine in VAO is thought to be specifically the deprotonation of the phenolic hydroxyl of 4-(methoxymethyl)-phenol and subsequent stabilization of the quinone methide intermediate.
This observation may provide clues as to the overall mechanism of double bond hydration and subsequent C-C bond cleavage in HCHL. Such a mechanism would have to account for the experimental evidence that demonstrates that HMPHP-CoA is an intermediate [8] and that Glu-143 is the only acid-base residue within reactive distance of the bond to be hydrated and thence cleaved. Given the proposed mechanism for VAO, and the established quinone methide intermediate implicated in the mechanism Figure 8 Proposed mechanism for HCHL-catalysed transformation based on structural observations (i) Tyr-75 (D) and Tyr-239 (E) initiate deprotonation of the phenolic hydroxyl of feruloyl-CoA, leading to a QME that is stabilized in the oxyanion hole conserved in most crotonase homologues. The QME is hydrated (ii) and Glu-143 donates a proton to form HMPHP-CoA (see 3, in Figure 1 ). Intramolecular proton transfer (iv) yields acetyl-CoA and vanillin as the final products. of 4-hydroxycinnamate decarboxylase (another C-C bondcleaving enzyme that works on a ferulic acid derivative [34a] ), it seems reasonable to suggest that a quinone methide intermediate may be involved in the HCHL mechanism (Figure 8i ). In contrast with flavoenzymes such as VAO, HCHL does not need to exploit an electron sink in the form of a flavin as it can displace electron density to the oxygen of the thioester to form an enolate stabilized in the oxyanion hole conserved among most crotonases. In the revised mechanism, deprotonation of the phenolic hydroxyl of feruloyl-CoA would lead to the formation of the QME (quinone-methide-enolate) shown. The QME may be the substrate for hydration by the water molecule activated by Glu-143 (shown in Figure 8ii ) analogous to the hydration of a quinone methide in the VAO mechanism. While is difficult to speculate on the exact mechanism of C-C bond cleavage subsequent to hydration at this stage, Glu-143, which has already acted as a base in the activation of water, is ideally situated to act both as as acid to protonate the double bond, leading to the intermediate HMPHP-CoA (Figure 8iii ), and as a catalytic base to promote the retro-aldol reaction (Figure 8iv ), which might also be favoured by strain effects exerted by the binding of the phenolic hydroxyl by Tyr-75 and Tyr-239. The possible role of a quinone methide intermediate in HCHL catalysis has not been established, but may be addressed in future using stoppedflow kinetics techniques, such as those used for the study of VAO [35] .
In conclusion, kinetics analysis and structural studies of HCHL complexed with its substrate, feruloyl-CoA, have confirmed the role of Glu-143 in the hydration of the substrate leading to the formation of the products of reaction, acetyl-CoA and vanillin. A subtle helix movement on substrate binding has resulted in an unforeseen convergence of tyrosine residues that appears to be responsible for binding the phenolic hydroxyl of the substrate. These results, together with the observation that significant activesite residues of HCHL superimpose with the active site of VAO, provide a structural basis for previously observed substrate discrimination by HCHL and illustrate a remarkable convergence of the molecular determinants of ligand recognition between two structurally unrelated enzymes.
